Paleomagnetic evidence for dynamo activity driven by inward crystallisation of a metallic asteroid by Bryson, James  F. J et al.
Earth and Planetary Science Letters 472 (2017) 152–163Contents lists available at ScienceDirect
Earth and Planetary Science Letters
www.elsevier.com/locate/epsl
Paleomagnetic evidence for dynamo activity driven by inward 
crystallisation of a metallic asteroid
James F.J. Bryson a,b,∗, Benjamin P. Weiss a, Richard J. Harrison b, Julia Herrero-Albillos c,d, 
Florian Kronast e
a Department of Earth, Atmospheric and Planetary Sciences, Massachusetts Institute of Technology, Cambridge, MA, USA
b Department of Earth Sciences, University of Cambridge, Cambridge, UK
c Centro Universitario de la Defensa, Ctra. de Huesca s/n, E-50090 Zaragoza, Spain
d Instituto de Ciencia de Materiales de Aragón, CSIC – Universidad de Zaragoza, Pedro Cerbuna 12, E-50009 Zaragoza, Spain
e Helmholtz Zentrum Berlin, Elektronenspeicherring BESSY II, Albert-Einstein-Strasse 15, Berlin 12489, Germany
a r t i c l e i n f o a b s t r a c t
Article history:
Received 26 January 2017
Received in revised form 13 April 2017
Accepted 17 May 2017
Available online xxxx
Editor: B. Buffett
Keywords:
meteorite paleomagnetism
iron meteorite
cloudy zone
X-ray photoemission electron microscopy
AF demagnetisation
core dynamo activity
The direction in which a planetary core solidiﬁes has fundamental implications for the feasibility and 
nature of dynamo generation. Although Earth’s core is outwardly solidifying, the cores of certain smaller 
planetary bodies have been proposed to inwardly solidify due to their lower central pressures. However, 
there have been no unambiguous observations of inwardly solidiﬁed cores or the relationship between 
this solidiﬁcation regime and planetary magnetic activity. To address this gap, we present the results 
of complimentary paleomagnetic techniques applied to the matrix metal and silicate inclusions within 
the IVA iron meteorites. This family of meteorites has been suggested to originate from a planetary 
core that had its overlaying silicate mantle removed by collisions during the early solar system. This 
process is thought to have produced a molten ball of metal that cooled rapidly and has been proposed 
to have inwardly solidiﬁed. Recent thermal evolution models of such a body predict that it should have 
generated an intense, multipolar and time-varying dynamo ﬁeld. This ﬁeld could have been recorded 
as a remanent magnetisation in the outer, cool layers of a solid crust on the IVA parent core. We ﬁnd 
that the different components in the IVA iron meteorites display a range of paleomagnetic ﬁdelities, 
depending crucially on the cooling rate of the meteorite. In particular, silicate inclusions in the quickly 
cooled São João Nepomuceno meteorite are poor paleomagnetic recorders. On the other hand, the 
matrix metal and some silicate subsamples from the relatively slowly cooled Steinbach meteorite are far 
better paleomagnetic recorders and provide evidence of an intense (100 μT) and directionally varying 
(exhibiting signiﬁcant changes on a timescale 200 kyr) magnetic ﬁeld. This is the ﬁrst demonstration 
that some iron meteorites record ancient planetary magnetic ﬁelds. Furthermore, the observed ﬁeld 
intensity, temporal variability and dynamo lifetime are consistent with thermal evolution models of the 
IVA parent core. Because the acquisition of remanent magnetisation by some IVA iron meteorites require 
that they cooled below their Curie temperature during the period of dynamo activity, the magnetisation 
carried by Steinbach also provides strong evidence favouring the inward solidiﬁcation of its parent core.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Collisions played a crucial role in the evolution of planetary 
bodies during the early history of the solar system. Depending on 
their relative sizes, velocities and trajectories, colliding bodies may 
have merged, been partially disrupted, or completely destroyed. 
A particular type of collision distinctive of the early solar sys-
* Corresponding author.
E-mail address: jfjb2@cam.ac.uk (J.F.J. Bryson).http://dx.doi.org/10.1016/j.epsl.2017.05.026
0012-821X/© 2017 The Authors. Published by Elsevier B.V. This is an open access articletem is hit-and-run collisions (Asphaug and Reufer, 2014), which 
involve two planetesimals colliding at a glancing angle. This im-
pact is thought to be capable of stripping off part of the mantle 
of one body and either incorporating it into that of the other body 
or scattering it into space. Either way, models of this type of col-
lision propose that it leaves behind a smaller, mantle-poor body, 
which, at its most extreme, may be just a naked molten core (As-
phaug and Reufer, 2014). An extant asteroid that may be such a 
body is (16) Psyche, the only large (∼100 km radius) body in the 
asteroid belt composed almost entirely of Fe–Ni metal (Matter et 
al., 2013). Without the insulation provided by overlaying silicate  under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
J.F.J. Bryson et al. / Earth and Planetary Science Letters 472 (2017) 152–163 153material, a metallic asteroid is expected to have cooled far quicker 
than a mantled core and therefore may have solidiﬁed initially at 
its surface (Williams, 2009; Yang et al., 2007). As cooling contin-
ued, the solidiﬁcation front could then have progressed towards 
the centre of the body, representing a solidiﬁcation regime starkly 
different from the higher pressure, outwardly crystallising Earth’s 
core.
There are several key unknowns regarding inward core solidi-
ﬁcation and its potential role in planetary magnetism. Firstly, al-
though inward core solidiﬁcation has been hypothesised for Mer-
cury (Anderson et al., 2011), Ganymede (Hauck et al., 2006; Chris-
tensen, 2015; Ruckriemen et al., 2015), the Moon (Laneuville et 
al., 2014) and numerous asteroids (Williams, 2009), it is unknown 
whether this direction of core solidiﬁcation actually occurs within 
planetary bodies because of uncertainties in the pressure deriva-
tive of the liquidus of low-pressure iron alloys. Secondly, even 
if inward core solidiﬁcation does occur, it is unclear whether it 
could lead to dynamo activity (Nimmo, 2009). As a core outwardly 
solidiﬁes (as for Earth), chemical segregation between the solid 
and liquid produces a gravitationally unstable density stratiﬁca-
tion in the liquid, causing it to convect and generate magnetic 
ﬁelds (Fearn and Loper, 1981). On the other hand, segregation dur-
ing inward core solidiﬁcation produces a gravitationally unstable 
solid and gravitationally stable liquid density stratiﬁcation. Hence, 
if this process is capable of generating dynamo activity, it must be 
by a fundamentally different mechanism to that operating within 
Earth. Recently, several groups have conducted theoretical stud-
ies of dynamo generation during inward core crystallisation within 
Ganymede (Ruckriemen et al., 2015; Christensen, 2015; Hauck et 
al., 2006) and a mantle-stripped metallic asteroid (Scheinberg et 
al., 2016; Neufeld et al., in prep), proposing that magnetic ﬁelds 
could result from exotic, non-concentric solidiﬁcation regimes such 
as Fe-snow or diapir dripping. Within a quickly cooling metallic as-
teroid, these mechanisms have been predicted to result in surface 
magnetic ﬁelds that decreased in intensity from ∼200 μT down 
to 0 μT as the core solidiﬁed over a period of ∼5–20 Myr, which 
could also have been quickly directionally varying (predicted local 
Rossby number signiﬁcantly greater than 0.12, meaning variations 
were likely quicker than those of Earth’s ﬁeld; Olson and Chris-
tensen, 2006). Neufeld et al. (in prep) also propose that during the 
earliest stages of core solidiﬁcation (ﬁrst ∼200 kyr), the thickness 
of the solid crust was too thin (10 km) for it to delaminate so 
magnetic ﬁelds from diapir dripping are not expected during this 
very early period. By comparison, paleomagnetic studies of ma-
terials expected to originate from bodies that underwent inward 
core solidiﬁcation have not been previously conducted. Here, we 
address this gap by presenting a paleomagnetic study of the IVA 
iron meteorites.
Very few previous paleomagnetic and rock magnetic studies 
have been conducted on iron meteorites due in part to their 
poorly understood remanence acquisition processes (Brecher and 
Albright, 1977; Funaki and Danon, 1998). Most fractionally crys-
tallised iron meteorite families are thought to originate from man-
tled cores that cooled isothermally (Goldstein et al., 2009b), so 
would have been too hot (i.e., above the ordering temperature of 
their constituent Fe–Ni minerals) during the period of dynamo ac-
tivity to have recorded the resulting ﬁelds (Cisowski, 1987). How-
ever, the IVA iron meteorites cooled faster (meteorites in this 
group have cooling rates ranging between ∼10,000–100 ◦C/Myr at 
500 ◦C; Yang et al., 2007) than most other iron meteorite families 
(typically <100 ◦C/Myr at 500 ◦C; Goldstein et al., 2009b) and their 
siderophile element trends suggest that the fastest cooled mete-
orites solidiﬁed ﬁrst. These two observations indicate that the IVA 
meteorites originate from an unmantled core that inwardly solid-
iﬁed (Yang et al., 2007). Therefore, the surface of the IVA parent 
core could feasibly have been solid and below its magnetic order-Fig. 1. Backscattered scanning electron microscope images of the microstructure in 
the Steinbach matrix metal along interface A. The kamacite, CZ and plessite are 
labelled.
ing temperature while its interior was still molten, raising the pos-
sibility that the IVAs are a rare example of an iron meteorite family 
with the potential to have recorded planetary magnetic ﬁelds.
A further complicating factor found by previous studies at-
tempting to identify evidence of a natural remanent magnetisation 
(NRM) produced by ancient magnetic ﬁelds from iron meteorites 
is their poorly understood magnetic mineralogy (Brecher and Al-
bright, 1977). However, recent advances in our understanding of 
the microstructure of iron meteorites and the Fe–Ni phase dia-
gram combined with the development of microanalytical magnetic 
measurement techniques (Bryson et al., 2014b), now make pale-
omagnetic investigation of some iron meteorites feasible. The mi-
crostructure of the IVA iron meteorites formed via low temperature 
recrystallisation and consists of kamacite lamellae (Yang and Gold-
stein, 2005), adjacent to which are the tetrataenite rim (a ∼0.2 μm 
rim composed of tetrataenite, chemically ordered Fe0.5Ni0.5), the 
cloudy zone (CZ, a nanoscale intergrowth of tetrataenite islands 
and an Fe-rich matrix, Goldstein et al., 2009b) and plessite (a μm-
scale intergrowth of kamacite and tetrataenite laths) (Fig. 1). The 
relatively fast cooling rate of the IVA irons (Yang et al., 2007) 
means the length scales of all of these microstructures are smaller 
than those in most other irons (e.g., tetrataenite island diameters 
in the IVA meteorites are <30 nm, while they can be >100 nm 
in slower cooled meteorites; Goldstein et al., 2009b). Due to an 
underlying Ni concentration gradient, the formation age of the 
tetrataenite islands varies by millions of years across the width of 
CZ and, because the younger islands have had less time to coarsen, 
there is a corresponding decrease in island diameter across the 
CZ (Goldstein et al., 2009b; Bryson et al., 2014a). The kamacite 
lamellae, tetrataenite rim and plessite have all previously been 
shown to consist of numerous magnetic domains (Bryson et al., 
2014b) and have relatively low coercivities of <10 mT, ∼80 mT 
and 100–200 mT, respectively (Uehara et al., 2011; Gattacceca et 
al., 2014). Conversely, the small diameter of the tetrataenite islands 
means the CZ has a relatively high coercivity of 400–>1100 mT 
depending on distance across this intergrowth (Uehara et al., 
2011). At the smallest diameters, the tetrataenite islands have been 
proposed to strongly interact magnetically, resulting in uniform 
magnetisation directions over thousands of neighbouring islands. 
These islands tend to display coercivities >1100 mT (Bryson et 
al., 2014a). The Steinbach and São João Nepomuceno (SJN) IVA 
iron meteorites also contain abundant silicate inclusions that con-
tain Fe–Ni particles that can include CZ and plessite (Reisener and 
Goldstein, 2003).
A recent study has demonstrated that larger tetrataenite is-
lands carry an extremely stable chemical transformation rema-
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cently developed a technique that employs X-ray magnetic circular 
dichroism (XMCD), imaged using X-ray photoemission electron mi-
croscopy (XPEEM), to view the magnetisation of the CZ (Bryson et 
al., 2014b). This method can provide estimates of the intensity and 
direction of the ancient ﬁeld experienced by the CZ and has pre-
viously been applied to main group pallasites (Bryson et al., 2015; 
Nichols et al., 2016).
We choose to measure the silicate inclusions extracted from 
the fastest cooled IVA meteorite, SJN (∼10000 ◦C/Myr at 500 ◦C; 
Goldstein et al., 2009a; Yang et al., 2010), using superconduct-
ing moment magnetometry (Weiss and Tikoo, 2014), and the sil-
icate inclusions and matrix metal of the slower cooled Steinbach 
meteorite (150 ◦C/Myr at 500 ◦C; Yang et al., 2007) using super-
conducting moment magnetometry and XPEEM, respectively. Both 
meteorites are largely unweathered ﬁnds and experienced shock 
pressures somewhere between 1–13 GPa (Goldstein et al., 2009a). 
We ﬁnd that all our silicate subsamples from SJN and some sili-
cate subsamples from Steinbach are poor magnetic recorders and 
do not contain robust records of ancient magnetic ﬁelds, introduc-
ing the possibility that either a remanence was never imparted to 
these components or a remanence has been lost due to viscous 
decay or shock remagnetisation (Goldstein et al., 2009a; Tikoo et 
al., 2015). On the other hand, the matrix metal and other silicate 
subsamples in Steinbach display better recording potential. Most 
importantly, XPEEM measurements of the matrix metal in this me-
teorite provide evidence of intense and directionally varying ﬁelds 
on the IVA parent body, consistent with predictions from recent 
modelling studies that dynamo activity can be driven by exotic, 
non-concentric inward crystallisation regimes (Scheinberg et al., 
2016; Neufeld et al., in prep). The existence of this remanence sup-
ports the proposed origin of the IVA meteorites from an unmantled 
and inwardly solidifying core, demonstrates that inward core solid-
iﬁcation is capable of generating dynamo activity, and establishes 
that iron some meteorites can provide interpretable paleomagnetic 
records.
2. Samples and methods
2.1. Silicate demagnetisation measurements
The silicate inclusions in Steinbach and SJN consist predomi-
nantly of pyroxene and are thought to represent a residuum of 
silicate material that remained on the IVA parent core after its 
mantle was removed (Ruzicka and Hutson, 2006; Wasson et al., 
2006). We extracted mutually oriented, mm-sized subsamples of 
silicates from slabs of Steinbach and SJN provided by the United 
States National Museum of Natural History (USNM, sample num-
bers USNM5298 and USNM6881, respectively) using a wire saw 
(Figs. S1, S2). Our slab of SJN contained fusion crust along one edge 
and we cut subsamples from two assemblages that were >10 mm 
from the fusion crust and one that was 4 mm from the fusion 
crust. Our slab of Steinbach did not contain fusion crust.
Alternating ﬁeld (AF) demagnetisation of these silicates was 
performed using a 2G Enterprises Superconducting Rock Magne-
tometer 755 housed in a shielded room (DC ﬁeld <200 nT) in the 
Massachusetts Institute of Technology (MIT) Paleomagnetism Labo-
ratory. Both Steinbach and SJN silicate subsamples were AF demag-
netised using an automated three-axis procedure up to 145 mT. 
The AF was applied along each orthogonal axis and the sample 
moment measured after each AF application. All measurements for 
each AF intensity were averaged following the Zijderveld–Dunlop 
protocol to mitigate the effects of spurious anhysteretic rema-
nent magnetisation (ARM) and gyroremanent magnetisation (GRM) 
(Stephenson, 1993). One Steinbach subsample (STB-5g) was ad-
ditionally AF demagnetised in this manner up to 420 mT, the maximum ﬁeld intensity reachable with our AF coil, and then sub-
jected to further three-axis DC demagnetisation up to 1100 mT by 
applying oppositely oriented isothermal remanent magnetisations 
(IRMs) in steps of 0.1 T. NRM components were identiﬁed using 
principal component analysis (Kirschvink, 1980).
Following NRM demagnetisation, we applied and demagne-
tised ARMs (AC ﬁelds of 260 mT and DC ﬁelds of 50 μT) and 
IRMs (260 mT) to the subsamples to constrain the intensity of 
the ﬁelds that imparted the NRMs (Weiss and Tikoo, 2014). We 
choose to adopt non-heating methods because tetrataenite disor-
ders at 320 ◦C (Yang et al., 1996), which would invalidate pale-
ointensity estimates from such methods. Paleointensities from the 
ARM (PARM) and IRM (PIRM) methods were calculated as:
PARM = NRM
ARM
b
f ′
(1)
PIRM = NRM
IRM
a (2)
where NRM, ARM and IRM are the changes in NRM, ARM and 
IRM during demagnetisation, respectively, b is the DC bias ﬁeld, 
f ′ is the ratio of the thermoremanent magnetisation (TRM) to the 
ARM and a is constant with units of ﬁeld that depends on the 
IRM/TRM ratio (Tikoo et al., 2014). We adopted values of f ′ = 1.34 
for a = 3000 μT, which have been previously calibrated for TRMs 
carried by kamacite-bearing samples (Tikoo et al., 2014; Weiss and 
Tikoo, 2014; Lappe et al., 2013). Although the IVA meteorites con-
tain a variety of magnetic minerals other than kamacite (including 
taenite, martensite and tetrataenite), the values of f ′ and a for 
these minerals are unknown, so we chose to adopt the above val-
ues for all the phases present in these samples. The contributions 
from taenite and martensite to the total magnetisation of these 
subsamples are diﬃcult to estimate as the magnetic properties of 
these phases are expected to be similar to those of kamacite, so 
they cannot be readily isolated from our magnetic measurements. 
However, this expected similarity also means that the values of 
f ′ and a for these phases are likely similar to those we adopt 
for kamacite. We suspect that the contribution from single domain 
tetrataenite dominates at AF intensities >145 mT as there are few 
other magnetic carriers in these samples expected to have such 
high coercivities. Also, previous studies suggest CTRMs can be a 
factor of 1–10 times weaker than TRMs acquired in the same pale-
oﬁeld (McClelland, 1996; Smirnov and Tarduno, 2005), suggesting 
that the paleointensity estimates we present from CTRMs (calcu-
lated using the TRM-calibrated f ′ and a values) are lower bounds. 
These effects, coupled with the estimated 2σ uncertainties of a 
factor of 5 for the values of f ′ and a, are the dominant source of 
error in our estimates (Weiss and Tikoo, 2014). Our stated errors 
are 95% conﬁdence values that are calculated during the formal 
slope-ﬁtting procedure.
Following Tikoo et al. (2014), we also constrained the paleo-
magnetic ﬁdelity of our subsamples by measuring the minimum 
ﬁeld intensity that we could reliably recover using our instrumen-
tation. This was achieved by applying and demagnetising labora-
tory ARMs imparted with DC bias ﬁelds of 50 μT, 100 μT and 
150 μT (AC ﬁeld of 260 mT) and attempting to retrieve these bias 
ﬁeld values by normalisation to a 300 μT bias ﬁeld ARM. Tikoo et 
al. (2012) present difference (D) and error (E) metrics:
D = |L − I|
L
(3)
E = W
L
(4)
where L is the applied laboratory intensity, I is the retrieved in-
tensity and W is the 95% conﬁdence on the retrieved intensity. 
Tikoo et al. (2012) suggest that a value >1 in either metric corre-
sponds to a poor recorder. However, we note that any value of I
J.F.J. Bryson et al. / Earth and Planetary Science Letters 472 (2017) 152–163 155Fig. 2. X-ray photoemission electron microscopy (XPEEM) images of the CZ in the Steinbach meteorite. Representative XPEEM images from a) interface A and b) interface B. 
The kamacite, tetrataenite (TT) rim, coarse CZ (cCZ), ﬁne CZ (fCZ) and plessite regions with different XMCD intensities (plessite, weak and plessite, intense) are labelled. The 
chemical boundaries between the kamacite, tetrataenite rim and CZ are marked with solid lines and the changes in magnetic behaviour between the coarse and ﬁne CZ 
and plessite regions are marked with dashed lines. Positive (blue) and negative (red) XMCD intensities correspond to positive and negative projections along the X-ray beam 
direction. c), d) Average XMCD intensity extracted from the coarse CZ (represented by the grey boxes in a) and b)) and the recovered minimum paleointensity from each 
location imaged along interface A and B, respectively. The average of the average XMCD values along each interface are displayed as the bold coloured lines. The black points 
in c) and d) are the average XMCD values extracted from a) and b), respectively. Positive and negative minimum ﬁeld intensities correspond to ﬁelds with the same intensity 
but different projections onto the X-ray beam direction. The grey shaded regions correspond to the 2σ of the distribution of average XMCD values expected for CZ formation 
in the absence of a ﬁeld (see Supplementary Material). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this 
article.)between 0 and L will produce a D value <1, which would classify 
the subsample as a good recorder even if I is tens or hundreds of 
μT below L. We therefore propose a new metric D ′:
D ′ = I − L
L
(5)
A positive critical value of 1 still exists for D ′ , but we now also 
propose a negative critical value of −0.5. These critical values cor-
respond to a factor of 2 greater and less than the laboratory ﬁeld, 
respectively. Adopting D ′ also means the critical value of E should 
be updated to 0.5 as the value of W that produces D ′ < −0.5 is 
reduced by a factor of 2 compared to that in Tikoo et al. (2012).
2.2. X-ray microscopy
XPEEM images of the CZ in Steinbach (largest CZ island diam-
eter of 29 nm; Goldstein et al., 2009a) were performed on pure 
matrix metal samples provided by the Natural History Museum, 
London (sample number BM.35540) at the UE49 end station, at 
the Berliner Elektronenspeicherring-Gesellschaft für Synchrotron-
strahlung (BESSY) II synchrotron. To infer the ancient ﬁeld prop-erties from XPEEM images, we calculated the average XMCD value 
within a 100-nm × ∼4000-nm region among the coarsest islands 
in each image captured (grey boxes Fig. 2a, b). The ancient ﬁeld 
properties were then calculated by comparing these average XMCD 
values to those predicted for a range of paleoﬁeld intensities and 
directions (see Supplementary Material). Because we only measure 
the projection of the local magnetic moment onto one orienta-
tion of the X-ray beam, we can only constrain the magnetisation 
direction to within a hemisphere centred on the X-ray beam di-
rection. Therefore, we also cannot uniquely constrain the paleoin-
tensity but only determine its minimum value. Furthermore, due 
to uncertainties in the growth rate of the islands, we assume that 
the blocking volume of the islands is the same as their present 
day volume (see Supplementary Material). The islands will have 
been smaller than this size when they recorded a ﬁeld, mean-
ing that they will have had a smaller moment than the value we 
adopted and had to experience a stronger paleointensity than the 
value we present to generate the observed XMCD values. Hence, 
the values we present are extreme lower limits on the paleointen-
sity.
156 J.F.J. Bryson et al. / Earth and Planetary Science Letters 472 (2017) 152–163Fig. 3. a), b) FORC diagram and FORCs, respectively, for Steinbach silicate subsample STB-1c. The colour of the FORC diagram depicts the proportion of particles with 
a given coercivity, Bc , that experience a given interaction ﬁeld, Bu . The numeric labels indicate the components of the signal that correspond to different families of 
magnetic particles discussed in Section 3.1.1. The hysteresis loop is uncorrected for paramagnetic effects and is slightly open at weak ﬁeld values. c), d) IRM acquisition 
and corresponding coercivity spectra for silicate subsample STB-5d (blue) and matrix metal subsample STB-M (red). The magnetic carriers relating to the different peaks are 
labelled. The coercivity spectrum of the matrix metal subsample displays a clear peak centred at 900 mT (Gaussian curve ﬁt included in black to depict the shape of the 
curve), corresponding to coarse CZ islands, that is absent from the silicate subsample. The HC magnetisation range extends from a minimum ﬁeld of ∼25 mT (vertical dashed 
line) to beyond 1000 mT. e), f) FORC diagrams and FORCS, respectively, for SJN silicate subsample SJN-8c. The hysteresis loop is slightly less open at weaker ﬁeld values than 
that of Steinbach. g), h) IRM acquisition and corresponding coercivity spectra for SJN silicate subsample SJN-8c. (For interpretation of the references to colour in this ﬁgure 
legend, the reader is referred to the web version of this article.)3. Results
3.1. Steinbach
3.1.1. Magnetic domain state of matrix metal and Steinbach silicates
Hysteresis properties and ﬁrst order reversal curves (FORCs) 
(Harrison and Feinberg, 2008) were measured on one Steinbach 
silicate subsample (STB-6) (Fig. 3a, b). The ratios of saturation 
remanent magnetisation (Mrs) to saturation magnetisation (Ms) 
of 0.023 and the coercivity of remanence (Bcr ) to the coerciv-ity (Bc) of 3.74 imply that this subsample likely contains pre-
dominantly low coercivity multi-domain (MD) and coarse pseudo 
single-domain (PSD) Fe–Ni particles. The FORC diagrams from both 
Steinbach and SJN (Section 3.2.1) are composed of varying contri-
butions of three separate components: the ﬁrst component is a 
clear MD signal at low coercivity signal (up to ∼20 mT); the sec-
ond is a weaker higher coercivity signal (up to 80–100 mT) that is 
spread in values of interaction ﬁelds, Bu ; the third is a clear inter-
acting single domain (SD) or PSD signal with a peak at ∼15 mT 
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likely originate from large kamacite grains, laths in the plessite, 
and small kamacite or martensite grains that form through low 
temperature recrystallisation, respectively. The Steinbach subsam-
ple contains all three of these components. Although the coerciv-
ity of the third component only extends up to 60–80 mT, these 
particles have the potential to be reliable magnetic recorders, in-
troducing the possibility that some Steinbach silicate subsamples 
may provide reliable paleomagnetic data.
The coercivity spectrum of one matrix metal (STB-M) and one 
silicate (STB-5d) Steinbach subsample (Figs. 3c, d) were also char-
acterised by imparting incrementally stronger IRMs up to 1000 mT 
to the subsamples. The coercivity spectrum of the matrix metal 
displays a narrow peak at ∼25 mT that likely corresponds to MD 
and PSD kamacite and martensite and a shoulder peak at 85 mT 
that has previously been ascribed to MD tetrataenite (Gattacceca 
et al., 2014). There is also a broad peak centred at ∼900 mT that 
should correspond to the CZ (Gattacceca et al., 2014; Uehara et al., 
2011). The coercivity spectrum of the silicate subsample shows the 
same low coercivity peak as the matrix metal subsample, implying 
the presence of MD kamacite and martensite, and displays a con-
stant, low value at intensities >400 mT, implying the presence of 
tetrataenite but in lower relative abundance than the matrix metal.
3.1.2. XPEEM observations of matrix metal in Steinbach
The CZ magnetisation was measured systematically at nine lo-
cations along the length of two interfaces in the Steinbach sample 
(interfaces A and B, Fig. S4). Representative XPEEM images from 
each interface are shown in Fig. 2a, b (additional images are in-
cluded in Figs. S5 and S6). Positive and negative projections of the 
local magnetic moment onto the X-ray beam direction correspond 
to blue and red signals, respectively. The kamacite consists of a 
few large (∼1–5 μm) magnetic domains. The tetrataenite rim con-
sists of more, smaller (2 μm) domains. The entire CZ is ∼1–2 μm 
wide along both interfaces and its signal varies between the inter-
faces. The signal in the coarse CZ (immediately adjacent to the 
tetrataenite rim containing islands ∼29–20 nm in diameter) is 
similar to that observed in previous XPEEM studies (resembles a 
collection of nm-scale, independently magnetised islands; Bryson 
et al., 2014b) and is thought to contain non-interacting tetrataen-
ite islands that have previously provided reliable paleomagnetic 
information (Bryson et al., 2015; Nichols et al., 2016). The mag-
netisation of ﬁne CZ (further from the tetrataenite rim containing 
islands 20 nm diameter) is thought to be dominated by interac-
tions between neighbouring tetrataenite islands that produce uni-
form magnetisation direction over μm length scales (Bryson et al., 
2014a, 2014b). The magnetic signal of the plessite consists of an 
initial region adjacent to the ﬁne CZ that consists of a relatively 
weak XMCD signal (‘plessite, weak’ in Figs. 2a, b) and a second re-
gion (∼4 μm from the tetrataenite rim) consists of a more intense 
XMCD signal (‘plessite, intense’).
3.1.3. Ancient ﬁeld properties from XPEEM of matrix metal in Steinbach
The minimum intensity and polarity of the ﬁeld experienced by 
Steinbach were calculated from the average XMCD values extracted 
from the coarse CZ in each image along both interfaces (Fig. 2c, d). 
We restricted our region of interest to the coarse CZ as the sig-
nal in this region does not appear to be inﬂuenced by magnetic 
interactions between islands. This region is ∼100 nm wide, which 
is far narrower than that observed in previous studies (Bryson et 
al., 2015; Nichols et al., 2016) due to the relatively steep bulk Ni 
gradient across the CZ resulting from the fast cooling rate of the 
IVA iron meteorites. The average XMCD values along interface A 
and B have similar magnitudes and mostly opposite signs. Calculat-
ing paleointensities from these signals produces minimum values 
ranging between 0 and 300 μT for the different locations (see Sup-plementary Material) and average minimum paleointensities along 
interface A and B of 110 μT and 125 μT, respectively. The change 
in sign means the calculated range of possible ﬁeld directions from 
each interface are non-overlapping, suggesting that the ﬁelds that 
magnetised these interfaces were differently oriented.
3.1.4. Moment magnetometry of Steinbach silicates
AF demagnetisation of silicates extracted from our Steinbach 
slab identiﬁed a low-coercivity (LC, typically 0–∼25 mT) com-
ponent that is similarly oriented among all eight subsamples 
(Figs. 4a, b, c). At high coercivities (HC, ∼25–145 mT), none of 
the subsamples contained a clear NRM component, although most 
subsamples experienced weak, non-origin-trending (mean angular 
deviation [MAD] less than the deviation angle [DANG]; Tauxe and 
Staudigel, 2004) and non-unidirectional changes in magnetisation 
(Fig. 4d, Table S1). These subsamples did not experience signif-
icant demagnetisation even by 145 mT, with an average of 81% 
of the NRM remaining at this AF intensity. Subsample STB-5g did 
not experience signiﬁcant demagnetisation even after DC demag-
netisation up to 1.1 T (green points Fig. 4b). The directions of the 
remanence remaining after an AF intensity of 145 mT are non-
unidirectional (Fig. 4e). Such hard magnetisation must correspond 
to tetrataenite within the CZ because no other phases present have 
such high coercivity (Fig. 3d) (Bryson et al., 2014b, 2014a; Uehara 
et al., 2011).
3.1.5. Paleointensities of Steinbach silicates
We obtained estimates of the intensity of the ﬁeld that im-
parted the NRM to the Steinbach silicates by comparing AF demag-
netisation of the NRM with that of an ARM (peak AC ﬁeld 260 mT, 
DC bias ﬁeld 50 μT) and/or a saturating IRM (Tikoo et al., 2014). 
These values are somewhat uncertain as the remanence in Stein-
bach is carried by a range of magnetic phases and is likely in the 
form of a CTRM acquired during low temperature recrystallisation, 
meaning our paleointensity estimates are likely a factor of 1–10 
times weaker than the actual ancient ﬁeld intensities (McClelland, 
1996; Smirnov and Tarduno, 2005). The average LC paleointensi-
ties calculated from the ARM and IRM methods are 47 ± 12 μT 
and 17 ± 4 μT (2σ , average of 4 and 6 subsamples), respectively 
(Figs. 4f, S3a). The HC magnetisations, which are an average of 
two orders of magnitude above the 10−12 Am2 noise limit of our 
magnetometer (Wang et al., 2017), correspond to average pale-
ointensities within error of zero: 0 ± 5 μT and −1 ± 3 μT for 
the ARM and IRM methods (2σ , average of 4 and 6 subsamples), 
respectively (Fig. 4f). Combined with the non-unidirectional and 
non-origin-trending nature of the HC magnetisation, these pale-
ointensities indicate that no NRM is blocked in the HC range.
This observation suggests that the average ﬁeld experienced by 
these subsamples may have been too weak to impart a reliable HC 
remanence to these subsamples. Our paleointensity ﬁdelity mea-
surements for STB-8c produce values of D ′ between −0.5 and 1 
and values of E that are all less than 0.5 in both coercivity ranges, 
implying that this subsample is capable of reliably acquiring a ther-
moremanence in the presence of ﬁeld intensities as weak as a few 
tens of μT (Fig. 5a). Accounting for the uncertainties in recording 
eﬃciency of a CTRM, this recording limit could increase to a few 
hundred μT for chemical remanences. On the other hand, the HC 
values of E for STB-3b are greater 0.5 for a 37 μT and 75 μT ﬁeld 
and the HC values of D ′ for ﬁelds of 75 μT and 112 μT are greater 
than 0.5 (Fig. 5b). Together, these observations imply that STB-3b 
is a far poorer recorder than STB-8c, probably requiring ﬁeld in-
tensities 100 μT to reliably impart a HC thermoremanence and 
possibly up to 1000 μT for a chemical remanence. Different Stein-
bach subsamples therefore appear to have different paleomagnetic 
ﬁdelities.
158 J.F.J. Bryson et al. / Earth and Planetary Science Letters 472 (2017) 152–163Fig. 4. AF demagnetisation of NRM in Steinbach silicates. Orthographic projection plots showing AF demagnetisation of a) STB-8c and b) STB-5g. Open and closed points 
represent projections of the end point of the NRM vector onto the horizontal (north-east) and vertical (up-east) planes, respectively. The colour of each point represents 
the AF intensity according to the colour scale. Grey arrows denote the directions of LC components. c), d), e) Equal area stereoplots showing the directions of the LC 
component, HC magnetisation and the NRM vector after an AF intensity of 145 mT, respectively. The directions in e) correspond to the net magnetisation direction of the 
interacting tetrataenite (int TT). Open points and dashed lines correspond to the upper hemisphere of the stereoplot and closed points and solid lines correspond to the 
lower hemisphere. Maximum angular deviation (MAD) angles are included around each point in c) and d). f) Paleointensity calculation using the ARM method for STB-8c. 
The two values for each ARM curve represent the paleointensities of the LC and HC components. (For interpretation of the references to colour in this ﬁgure legend, the 
reader is referred to the web version of this article.)3.2. SJN
3.2.1. Magnetic domain state of SJN silicates
We measured hysteresis curves and FORC diagrams of one sili-
cate subsample (SJN-8c) extracted from our slab of SJN (Fig. 3e, f). 
Similar to the Steinbach silicate, the Mrs/Ms value of 0.034 and 
Bcr/Bc value of 6.14 suggest that the ferromagnetic grains in SJN are 
predominantly MD and coarse PSD, and are therefore likely poor 
paleomagnetic recorders. The FORC diagram only contains the ﬁrst 
and second components discussed in Section 3.1.1, suggesting the 
carries in this subsample are interacting MD kamacite and plessite.
Similar to Steinbach, the coercivity spectrum of SJN silicates 
(Figs. 3g, h) contains a peak at ∼25 mT that likely corresponds 
to MD and coarse PSD kamacite. However, unlike Steinbach, the 
SJN subsample appears to saturate by 400 mT, suggesting the ab-sence of tetrataenite in this meteorite. This is most likely due to 
the inhibition of some low temperature phase transitions due to 
the fast cooling rate of this meteorite. This observation also sug-
gests that other low temperature transformations such as kamacite 
nucleation and martensite decomposition could be incomplete, in-
troducing the possibility that SJN carries a combination of a TRM 
and a CTRM. The paleointensity estimates from this meteorite will 
therefore suffer from the same uncertainties as Steinbach, possi-
bly being a factor of 1–10 times less than the actual ancient ﬁeld 
intensities.
3.2.2. Moment magnetometry of SJN silicates
Four and seven subsamples were taken from silicate assem-
blages located at distances of 4 mm and >10 mm from the ex-
terior of our SJN slab, respectively. Unlike Steinbach, all of the 
J.F.J. Bryson et al. / Earth and Planetary Science Letters 472 (2017) 152–163 159Fig. 5. D ′ and E values for silicate subsamples a) STB-8c, b) STB-3b, c) SJN-8c and d) SJN-2a. The LC and HC components are shown as ﬁlled and open points, respectively. 
Any D ′ data points greater than 1 or less than −0.5 (i.e., above the top dashed line or below the bottom dashed line) or E values greater than 1 (i.e., above the dashed line) 
correspond to poor paleomagnetic ﬁdelities, which is the case for some applied ARMs in HC range in STB-3b, SJN-8C SJN-2a, as well as the LC range in STB-3b.directionally stable NRM in our SJN subsamples was demagnetised 
by an AF intensity of only 20–50 mT (Figs. 6a, b), reaﬃrming the 
absence of tetrataenite and the poor paleomagnetic ﬁdelity of the 
silicates from this meteorite. All subsamples contain an LC compo-
nent (0–∼20 mT) and one subsample may also contain a medium 
coercivity (MC) component (∼20–∼50 mT, red arrows, Fig. 6b). 
None of the subsamples contain an HC component (∼20–145 mT, 
purple and blue points, Figs. 6a, b, d) even though IRM acquisi-
tion measurements demonstrate that there are signiﬁcant quan-
tities of grains in this coercivity range (Fig. 3g). The intensities 
of the LC components in subsamples from within 4 mm of the 
sample surface are typically an order of magnitude stronger than 
those from the sample interior. Furthermore, the directions of the 
LC component from the subsamples within 4 mm of the fusion 
crust are mostly unidirectional and origin-trending, while those 
from the interior are non-unidirectional and mostly non-origin-
trending (Fig. 6c, Table S2). These observations correspond to a 
positive baked contact test, demonstrating that the NRM of the in-
terior subsamples is pre-terrestrial.
3.2.3. Paleointensity of SJN silicates
The ARM and IRM methods yield average LC paleointensities 
from subsamples 4 mm from the exterior of the meteorite of 
121 ± 31 μT and 116 ± 10 μT (2σ ), respectively, while interior 
subsamples yield average values of 34 ± 20 μT and 63 ± 27 μT, 
respectively. Subsamples within 4 mm of the sample surface yield 
average HC paleointensities of −3 ± 6 μT and 26 ± 16 μT, respec-
tively, while interior subsamples yield average paleointensities of 
2 ± 8 μT and −2 ± 44 μT, respectively (Fig. 6e).
Again, the weak HC paleointensities could reﬂect the poor pa-
leomagnetic ﬁdelity of SJN silicates in the HC range (Figs. 5c, d). 
For SJN-8c and SJN-2a, the values of D ′ in the HC range are less 
than −0.5 for thermal ﬁeld intensities of 37 μT and 75 μT, respec-
tively. For SJN-2a, the HC values of E are also greater than 0.5 for 
thermal ﬁeld intensities of 37 μT and 75 μT. These observations 
suggest that SJN silicates are poor recorders, likely also requiring 
ﬁelds 100 μT to impart a reliable HC TRM and possibly up to 
1000 μT to impart a reliable HC CTRM.4. Discussion
4.1. Ancient ﬁeld properties from XPEEM of Steinbach
The sign of the average XMCD values extracted from the coarse, 
non-interacting CZ in the XPEEM images differ between interface 
A and B, while the absolute values of these XMCD signals and the 
calculated minimum paleointensities of >109 μT and >125 μT are 
similar. We propose two likely explanations for these observations:
1. The CZ along interfaces A and B formed at different times, 
between which the ﬁeld orientation varied but the intensity 
remained approximately constant.
2. The two signals are the result of statistical ﬂuctuations pos-
sible for a small number of magnetic carriers that formed in 
zero ﬁeld (Berndt et al., 2016).
To assess whether our measured signals are consistent with zero 
ﬁeld magnetisation, ﬁrst we calculated the average XMCD value 
we would expect if the ∼140 islands in each of our regions of 
interest formed in the absence of a ﬁeld (see Supplementary Ma-
terial). We repeated this process 9 times (reﬂecting the number 
of images we captured along each interface), calculating an aver-
age XMCD value equivalent to the value we measured along each 
interface. We repeated this process 10,000 times to produce the 
distribution of simulated average XMCD values we would expect 
in the absence of a ﬁeld. Twice the value of the standard de-
viation of this distribution is included in Figs. 2c, d as the grey 
bars, which indicate the 95% conﬁdence intervals that a measured 
XMCD signal could have been generated in the absence of a ﬁeld. 
Although some of the individual measured average XMCD values 
lie within these ranges, the average measured value along each in-
terface does not, suggesting that the NRM does not correspond to 
zero ﬁeld magnetisation. This conclusion was reached by compar-
ing the same number of measured and simulated islands, allowing 
us to conclude that, although we studied a small number of mag-
netic carriers, we are conﬁdent that our signal is inconsistent with 
the absence of a ﬁeld. Moreover, a Student’s t-test demonstrates 
that the chance that the mean of average XMCD values along in-
terface A and B is zero at the 95% conﬁdence level is 0.8% and 
160 J.F.J. Bryson et al. / Earth and Planetary Science Letters 472 (2017) 152–163Fig. 6. AF demagnetisation of SJN silicates. Orthographic projection plot of the AF demagnetisation of a) SJN-2a and b) SJN-10c. Open and closed points represent projections 
of the endpoint of the NRM vector onto the horizontal (north-east) and vertical (up-east) planes, respectively. The colour of the point represents the AF intensity, according to 
the colour scale. Grey and crimson arrows denote the directions of LC and MC components, respectively. Equal area stereoplots showing the direction of the c) LC and d) HC 
components, respectively. Blue and red points correspond to samples 4 mm and >10 mm from the sample exterior, respectively. Open points and dashed lines correspond 
to the upper hemisphere of the stereoplot and closed points and solid lines correspond to the lower hemisphere. MAD angles are included as rings around each point in c) 
and d). e) Paleointensity calculation from the ARM method for SJN-8c. The values for each ARM curve correspond to the paleointensity of the HC range. (For interpretation 
of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)2.7%, respectively (Weisberg, 1985). Our data therefore suggest that 
the IVA parent core generated a directionally varying ﬁeld, which 
would require that interface A and B recorded their NRMs at dif-
ferent times during planetary cooling. The Fe–Ni phase diagram 
(Uehara et al., 2011) demonstrates that the CZ formation temper-
ature (and hence formation time) depends on the local Ni con-
centration, so we expect that the Ni concentrations along these 
interfaces must differ. Using XPEEM, we measured the Ni/Fe ra-tio at one location along interfaces A and B and found that the Ni 
concentration is ∼1.5% greater among coarse islands along inter-
face A than interface B (Fig. 7). At the cooling rate of the Steinbach 
meteorite (∼150 ◦C/Myr at 500 ◦C; Yang et al., 2007), this compo-
sitional difference corresponds to a ∼200 kyr difference between 
CZ formation along these interfaces (see Supplementary Material). 
It is therefore feasible that the interfaces their NRMs at different 
times during planetary cooling. Our observations therefore imply 
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(blue) measured using XPEEM. The location of the coarse CZ is depicted by the grey 
bar and contains a ∼1.5% higher Ni concentration along interface A than interface B. 
(For interpretation of the references to colour in this ﬁgure legend, the reader is 
referred to the web version of this article.)
that the ﬁeld generated by the IVA parent core changed orienta-
tion on a timescale <200 kyr and was 100 μT.
This observation implies that Steinbach must have been be-
low its magnetic ordering temperature while a dynamo was active, 
supporting the unmantled structure and inward solidiﬁcation of 
the IVA parent core. Furthermore, this observation demonstrates 
that inward core solidiﬁcation is capable of generating a dynamo, 
and the observed properties are consistent with the 200 μT 
intensity and quickly directionally varying ﬁeld predicted by re-
cent models of non-concentric core solidiﬁcation (Scheinberg et al., 
2016; Neufeld et al., in prep).
4.2. Moment magnetometry of silicates from Steinbach
Although the unidirectional LC remanence observed during sil-
icate demagnetisation is consistent with Steinbach having expe-
rienced a unidirectional ﬁeld on the parent body, the ease with 
which the MD grains that carry this remanence can be remag-
netised by weak shock events (<2 GPa; Tikoo et al., 2015) or 
overprinted by viscous remanent remagnetisation acquired in the 
geomagnetic ﬁeld means this remanence may not be extraterres-
trial. Given the Earth-like recovered paleointensities of 47 ± 12 μT 
and 17 ± 4 μT for the ARM and IRM methods, respectively, in this 
coercivity range, we propose this remanence likely reﬂects viscous 
remagnetisation after the meteorite landed on Earth.
We found that the Steinbach silicates do not contain a HC re-
manence and that the ability of these grains to acquire such a 
remanence varied among subsamples. Importantly, some subsam-
ples are capable of acquiring a reliable HC remanence from ﬁelds 
with intensities between several tens to hundreds of μT. These 
values range from weaker than to comparable to the intensity in-
ferred from our XPEEM measurements (100 μT, Section 3.1.3), 
so we may expect these subsamples to carry a reliable rema-
nence. However, these XPEEM measurements also suggest that the 
ﬁeld orientation varied on a timescale <200 kyr. Coupled with 
Steinbach’s slow cooling rate (150 ◦C/Myr; Yang et al., 2007), we 
expect that the orientation of the ﬁeld experienced by this me-
teorite during the period the HC component was recorded likely 
varied signiﬁcantly >10 times. The HC magnetisation is therefore 
the average of a relatively quickly changing ﬁeld, which we ex-
pect would result in the non-unidirectional remanence, absence of 
a clear loss of HC magnetisation and the weak paleointensities we 
observe in AF demagnetisation as well as the CZ signal we observe 
in XPEEM.It is also possible that, given the upper limit on the ﬁdelity of 
some of these subsamples (possibly requiring ﬁeld intensities up 
to 1000 μT to acquire a HC remanence), these subsamples expe-
rienced too weak a ﬁeld for a HC remanence to be imparted. In 
this case, it is worth noting that at the time of tetrataenite forma-
tion, the metal surrounding the silicates consisted of magnetically 
soft kamacite and taenite (Yang and Goldstein, 2005). The high 
magnetic permeability of these phases (Bryson et al., 2015) allows 
them to redirect an external ﬁeld around the inclusions, acting to 
amplify the intensity of the ﬁeld within the metal (see Supplemen-
tary Material) and reduce the intensity of the ﬁeld that penetrates 
into the silicates. The extent of this shielding is poorly understood, 
but has been proposed to reduce the ﬁeld intensity within the sil-
icates by a factor of >2 compared to that of the external ﬁeld 
(Bryson et al., 2015; Tarduno et al., 2012). Different models of dy-
namo generation on the IVA parent body (Scheinberg et al., 2016; 
Neufeld et al., in prep) predict that it could have generated ﬁeld 
intensities 200 μT when Steinbach would have cooled through 
its magnetic ordering temperature, so we anticipate the intensity 
of the ﬁeld within the silicates could be <100 μT, which was prob-
ably too weak to impart a reliable remanence to the silicates with 
poorer paleomagnetic ﬁdelities.
The direction of the moments remaining after AF demagneti-
sation up to 145 mT are non-unidirectional among the Steinbach 
subsamples (Fig. 4e). The majority of this signal originates from 
the remanence carried by the CZ. The magnetisation of the ﬁne CZ 
islands is particularly poorly understood, although it is clear that 
the magnetisation of this region is inﬂuenced by magnetic inter-
actions, which likely reduces the ability of these islands to record 
a reliable remanence (Bryson et al., 2014b, 2014a). The XPEEM re-
sults demonstrate that both the coarse and ﬁne CZ regions can 
adopt non-unidirectional magnetisations along different interfaces 
due to subtly different Ni concentrations, which we expect will 
also have been the case among the different metal particles in the 
silicates for the same reason. Consequently, we would not expect 
the remanence remaining after AF demagnetisation to 145 mT to 
be unidirectional.
4.3. Moment magnetometry of silicates from SJN
The SJN silicates contain neither a unidirectional LC or HC com-
ponent to their remanence. These absences could imply that this 
meteorite only ever experienced relatively weak ﬁelds on its par-
ent body, however, given the particularly poor remanence retention 
capabilities of these silicates (Section 3.2.1), it is also feasible that 
they were magnetised on the parent body and have subsequently 
lost this remanence due to shock or viscous decay over the in-
tervening billions of years (Tikoo et al., 2015). We note that the 
fast cooling rate of SJN compared to the inferred timescale of ﬁeld 
variation (cooling rate of ∼10000 ◦C/Myr compared to ∼200 kyr 
variation time) means that we expect the ﬁeld orientation would 
have been roughly constant as this meteorite cooled and hence 
we would anticipate a unidirectional remanence. If the lack of a 
remanence is due to the absence of a suﬃciently intense ﬁeld, 
our inferred paleointensity ﬁdelities imply these silicates experi-
enced ﬁeld intensities <100–1000 μT. Models of dynamo genera-
tion (Scheinberg et al., 2016; Neufeld et al., in prep) predict that, 
during the ﬁrst ∼200 kyr of solidiﬁcation when SJN is predicted to 
have cooled, the IVA parent core could have generated a ﬁeld with 
intensities anywhere between 0–∼200 μT ﬁeld. The absence of an 
early ﬁeld is clearly consistent with our paleomagnetic constraints 
on the silicates. However, a ﬁeld at the upper end of this predicted 
range may also be consistent with our paleointensity constraints 
on the silicates given the effects of the magnetic shielding (Sec-
tion 4.2) and uncertainties on the nature of the remanence carried 
by SJN.
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We chose to investigate inward core solidiﬁcation by study-
ing the IVA meteorites as they are, to our knowledge, the most 
likely samples available that experienced this solidiﬁcation regime. 
Although geochemical trends in iron meteorites can provide the di-
rection of core solidiﬁcation (Yang et al., 2007), there is no way of 
unambiguously linking rocky or stony-iron meteorites to the same 
parent body as an iron meteorite family (Goldstein et al., 2009b), 
making it diﬃcult to assess whether a certain mantle-originating 
meteorite experienced a ﬁeld generated during inward solidiﬁca-
tion. It is also diﬃcult to deduce the direction of core solidiﬁcation 
on an intact extraterrestrial body (Williams, 2009; Nimmo, 2009), 
introducing uncertainties as to whether the remanence carried by 
meteorites originating from extant asteroids (e.g., the HED mete-
orites and Vesta; Binzel and Xu, 1993) or present day dynamo 
ﬁeld measurements (Anderson et al., 2011) relate to inward core 
solidiﬁcation. The IVA meteorites are unique as their geochemical 
and structural properties indicate that they cooled through their 
magnetic ordering temperature while their unmantled parent core 
could still have had molten metal in its interior and hence could 
have been generating a ﬁeld.
Traditionally, the iron meteorites have been disregarded pale-
omagnetically due to their proposed core origin and complicated 
magnetic mineralogy (Stacey, 1976; Cisowski, 1987; Brecher and 
Albright, 1977; Funaki and Danon, 1998). To the best of our knowl-
edge, the results in this study are the ﬁrst successful measure-
ments of ancient dynamo activity from iron meteorites, showing 
that it is possible to obtain paleomagnetic information from these 
samples. Despite our observations, we suspect that traditional pa-
leomagnetic techniques applied to bulk metal samples may still 
struggle to provide accurate ancient ﬁeld properties, and that iron 
meteorites that originated from a conventional core geometry are 
not expected to have cooled through their magnetisation acquisi-
tion temperatures in the presence of a dynamo ﬁeld.
Also, these results are the ﬁrst to suggest that an asteroid dy-
namo can produce directionally unstable ﬁelds. Directional insta-
bilities on the timescale of 10–100 kyr are an inherent part of 
the geodynamo, and the observation of this behaviour on a small 
body reinforces claims that the same fundamental processes drive 
dynamo activity across rocky bodies (Weiss et al., 2010; Nimmo, 
2009). This deduction has key implications for the heat ﬂux of 
these bodies (Olson et al., 2010) and could provide crucial con-
straints on their ancient thermal evolution.
6. Conclusions
• Inward core solidiﬁcation has been hypothesised for various 
small planetary bodies, although its existence and ability to 
generate dynamo activity are uncertain. To address these un-
certainties, we applied complimentary paleomagnetic tech-
niques to the SJN and Steinbach IVA iron meteorites. This 
meteorite family has been proposed to originate from an un-
mantled, inwardly solidifying core, so is the best candidate to 
have recorded magnetic ﬁelds generated during this core so-
lidiﬁcation regime.
• Silicate inclusions extracted from SJN were found not to con-
tain unidirectional LC or HC components to their magnetisa-
tion. Paleointensity ﬁdelity measurements suggest that ﬁeld 
intensities 100–1000 μT were required to impart a reliable 
remanence in to the HC grains. Given this relatively strong 
critical intensity, it is possible that the ﬁeld generated by the 
IVA parent core was too weak during the period that SJN 
cooled (ﬁrst ∼200 kyr of solidiﬁcation) to impart a reliable 
remanence. It is also possible that an ancient remanence was imparted and it has subsequently been lost by viscous relax-
ation or shock.
• XPEEM of matrix metal in Steinbach suggest that this me-
teorite experienced magnetic ﬁelds 100 μT that exhibited 
signiﬁcant orientation changes on a timescale <200 kyr. AF 
demagnetisation of silicate inclusions extracted from this me-
teorite do not contain a unidirectional HC component and pa-
leointensity ﬁdelity measurements suggest that some silicate 
subsamples are capable of acquiring such a remanence at ﬁeld 
intensities as weak as a few tens to a few hundreds of μT. 
Given the relatively quick inferred variation in ﬁeld orientation 
compared to the long timescale of Steinbach cooling (cooling 
rate of 150 ◦C/Myr at 500 ◦C), the absence of a HC component 
is in fact expected and consistent with our XPEEM observa-
tions. It is also feasible that the poor paleomagnetic recording 
ﬁdelity of some Steinbach silicates, coupled with the effects 
of magnetic shielding, means these silicates experienced ﬁeld 
intensities too weak for a reliable remanence to be recorded.
• The presence of a remanence in Steinbach supports an un-
mantled, inwardly solidifying core origin for this meteorite 
family, demonstrates that inward core solidiﬁcation can power 
dynamo activity (most likely through non-concentric solidi-
ﬁcation), and establishes that iron meteorites are capable of 
providing reliable paleomagnetic observations.
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